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Abstract. A significant discrepancy has been noted between satellite measure-
ments of shortwave reflectance at nadir and the results of plane-parallel model
calculations: For moderate to large solar zenith angles, observed nadir reflectances
increase with solar zenith angle, whereas plane-parallel values decrease. Conse-
quently, cloud optical depths retrieved using one-dimensional (1-D) theory have
a bias which increases systematically with solar zenith angle. Using Monte Carlo
model simulations of photon transport through stochastic, isotropic, scale-invariant
cloud fields with variable cloud top heights and volume extinction coefficients, we
show that nadir reflectances from three-dimensional cloud fields increase with solar
zenith angle, consistent with the observations. The difference from the 1-D case
is shown to be explainable by cloudside illumination as well as by the presence of
structured (i.e., non-flat) cloud tops. Cloud sides enhance the amount of incident
solar radiation intercepted by cloud, allowing more radiation to be scattered upward
in the nadir direction. Structured cloud tops change the slope of illuminated cloud
top surfaces, such that nadir reflectance at low solar elevations increases with the
slope of the illuminated surface. For simple cloud geometries the two effects make
equivalent contributions to the increase in nadir reflectance with solar zenith angle.
While this increase is most pronounced for vertically extensive broken cloud fields,
it also affects reflectances from overcast cloud fields with inhomogeneous (bumpy)
cloud tops. Thus the observed solar zenith angle bias in cloud optical depth for the
general cloud scene likely also occurs for extensive overcast cloud fields. Internal
inhomogeneities due to small-scale liquid water content variations within clouds are
shown to cause no changes at low Sun and only slight decreases in nadir reflectance

for high solar elevations.

1. Introduction

In a recent study, Loeb and Davies [1996] showed
that use of the one-dimensional (1-D) approach to in-
fer cloud optical depth directly from observations at
near-nadir views can lead to substantial solar zenith an-
gle dependent biases in cloud optical depth, especially
for thicker clouds. When plane-parallel model calcula-
tions were matched to 1 year of Earth Radiation Bud-
get satellite shortwave observations over ocean between
30°N and 30°S on a pixel-by-pixel basis by adjusting
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cloud fraction and cloud optical depth, the resulting
frequency distributions of cloud optical depth showed
a systematic shift toward larger values with increasing
solar zenith angle. The reason was shown to be due to a
fundamental difference between the observed and plane-
parallel model reflectance dependence on solar zenith
angle: on average, observed nadir reflectances increase
with solar zenith angle, whereas 1-D nadir reflectances
show the opposite behavior.

The aim of the present study is to provide a phys-
ical explanation for the observational results of Loeb
and Davies [1996]. In that study it was suggested that
three-dimensional (3-D) cloud effects may be responsi-
ble for the observed discrepancy, and preliminary Monte
Carlo simulations involving 3-D cloud fields appeared to
support this hypothesis. Here we extend that analysis
and examine the relative importance of (1) cloud exter-
nal inhomogeneities, that is, cloud sides and cloud top
structure and (2) cloud internal inhomogeneities asso-
ciated with liquid water content variations within cloud
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elements. To demonstrate the importance of these ef-
fects, nadir reflectances from 3-D and 1-D cloud fields
are compared as a function of solar zenith angle in a
manner analogous to the comparisons between observa-
tions and plane-parallel calculations by Loeb and Davies
[1996]. We investigate the conditions under which the
two sets of comparisons yield similar qualitative results

and determine which of the 3-D effects are most respon-

1_-T haha
sible fOI the deviation f;\uu 1-D behavior.

The following section briefly describes the Monte
Carlo method and the cloud fields considered in the sim-
ulations. Comparisons are then made between 3-D and
1-D reflectance calculations, considering external cloud
inhomogeneities first and internal inhomogeneities sec-

ond. Siuulm_iut:b and uulb‘lcil(,eb between the 3-D and 1-

D model comparisons and the results of Loeb and Davies
[1008] are hichlichted throuichoit
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2. Monte Carlo Method

The Monte Carlo method of solving radiative trans-
fer problems has been widely used in the past to exam-
ine the radiative properties of 3-D cloud fields [Busygin
et al.,, 1973; McKee and Coz, 1974; Wendling, 1977;
Davies, 1978; Welch and Wielicki, 1984; Kobayashi,
1988; Barker and Davies, 1992]. The method involves
a numerical simulation of the probability laws govern-
ing the distance to collision and change of direction as
simulated photons move through a scattering medium.
Photons are traced through the medium until they es-
cape, taking optical depth, phase function, and single
scattering albedo into account.

In this study the Monte Carlo code described by
Vdrnai [1996] is used. Simulations are made for a wave-
length of 0.865 pm using a Mie phase function for the
Scop cloud model of Welch et al. [1980]. While the
model can handle atmospheric effects and surface reflec-
tion, these are not included here in order to concentrate
specifically on clouds. This should not have much influ-
ence since atmospheric effects and surface contributions
over ocean tend to be small at 0.865 um. The model
divides the cloud field into boxes/grid points, each hav-
ing a resolution r. It assumes periodic boundary condi-
tions, so that photons leaving one side of a cloud field
boundary come back at the opposite side. In all simula-
tions, the number of photons used is 108, which gives a
reflectance uncertainty of less than 1% [Vdrnai, 1996].

Reflectance is defined as

ﬂI
F X 100;(),
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Ho
where I is the nadir radiance, F is the incident solar
flux, and 4, is the cosine of the solar zenith angle.

The advantage of the Monte Carlo approach is that
it can determine radiative properties for any cloud ge-
ometry. Here simulations are performed using stochas-
tic, isotropic, scale-invariant cloud fields [Barker and
Davies, 1992] characterized by continuous power spec-
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tra. As a first approximation, their structure is repre-
sented by the cloud fraction and slope of the wavenum-
ber spectrum of cloud optical depth. For cloud fields
which have isotropic spectral densities, the ensemble-
averaged one-dimensional spectra (Sk) scale according
to k™%, where k is the wavenumber and s is the cloud
field scaling exponent. The greatest departure from
plane-parallel clouds occurs for s = 0 (white noise).
As s increases, the number of small clouds decreascs,
and the variability across individual clouds decreases
(i.e., clouds become more plane-parallel). In the present
study, stochastic cloud fields are generated for various
cloud fractions (f) and domain optical depths (74) us-
ing the following scaling: (Sk) ~ k™! for k¥ < 6, and
(Sk) ~ k=38 for k > 6. Cloud fields are defined
over a 512 x 512 grid with a g'rid point resolution r

— 1 Aardar +a avaraina e affant ~Af 2t nrn
= 68.7 m. In order to examine the effect of internal in-

homogeneities on reflectance, simulations are performed

qu]’lD‘ clouds which have a constant volume extinction
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coefficient (0,) of 30 km~! (section 3.1), as well as the
case where [, is allowed to vary within individual cloud
elements (section 3.2). As an example, Figure 1 shows
a cloud field with f = 0.5 and 74 = 5. This scene has
characteristics which appear to resemble a real cloud
scene but clearly does not represent the entire range
of cloud variability that can be encountered over the

0.5 1.0 1.5
height (km)

Figure 1. Stochastic cloud field generated under the

scaling (Sx) ~ k™1 for k < 6, and (Sk) ~ k=36 for

k > 6, for a cloud fraction f = 0.5 and a domain optical
depth T4 = 5.
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course of 1 year (as was considered by Loeb and Davies
[1996]). It serves merely to illustrate the kinds of dif-
ferences that might be expected between 3-D and 1-D
cloud reflectances. In order to investigate the role of
cloud top structure, Monte Carlo simulations are also
performed using simple cloud shapes consisting of iso-
lated cones of various aspect ratios (defined as the ratio
of the vertical dimension to the horizontal dimension).

3. Results
3.1. External Inhomogeneities

As an illustration of how 3-D effects can influence
the nadir reflectance dependence on y,, Figure 2 shows
a comparison between (“scene”) reflectances generated
using the 3-D cloud field (Rsp) in Figure 1 with plane-

parallel model calculations (0.5 Rp (7, = 7.1)). A con-

stant volume extinction coefficient of 30 km™! is as-
sumed throughout the cloud field. The plane-parallel
calculations ‘were normalized at p, = 0.95 by adjust-
ing the cloud optical depth to fit the 3-D result, taking
cloud fraction into account. This approach is analo-
gous to that used by Loeb and Davies [1996] to fit the
plane-parallel calculations to the observations. A cloud
optical depth of 7, = 7.1 was found to provide the best
match in this case. As shown, 3-D reflectances increase
with decreasing p,, while the opposite occurs for the
1-D result for p, < 0.6. This is qualitatively consis-
tent with the observational results of Loeb and Davies
[1996] and highlights the importance of including 3-D
cloud effects.

To examine how these results depend on cloud frac-
tion (f), Figure 3 compares 3-D reflectances for f =
0.25, 0.50, 0.75, and 1.0 at 73 = 5, with a plane-parallel
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Figure 2. Nadir reflectance as a function of u, for
the cloud field in Figure 1 (R3p) and a plane-parallel
calculation normalized to R3p at p, = 0.95.
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Figure 3. Three-dimensional nadir reflectances as a
function of p, for various cloud fractions (f) together
with a plane-parallel calculation at an optical depth
Tp = 5.

calculation at the same optical depth. Since 74 is kept
constant, the average cloud optical depth of individ-
ual 3-D cloud elements within the scene (< 73p >) is
inversely proportional to f (e.g., < 73p > = 20 for f=
0.25; < T3p > = 10 for f = 0.5; etc.). As fincreases, the
clouds become more homogeneous and optically thin-
ner, and the average cloud aspect ratio decreases. For
large p,, 1-D reflectances are larger than 3-D values be-
cause of diffusive leakage through the sides of the 3-D
clouds. This is a classic result which has appeared in
many other studies involving Monte Carlo simulations
le.g., McKee and Cozx, 1974; Wendling, 1977; Davies,
1978; Kobayashi, 1993]. It also explains why a plane-
parallel cloud optical depth of only 7.1 rather than 10
provides a match between 3-D and 1-D reflectances at
o = 0.95 in Figure 2. As p, decreases, 3-D cloud re-
flectances increase rather substantially for f < 1, while
the case with f = 1 decreases in a manner which is sim-
ilar to the 1-D result. This apparent agreement with
1-D theory occurs because the cloud top is fairly uni-
form for this case, not because the cloud field is over-
cast. Reflectances for an overcast cloud field with larger
horizontal variability in its cloud top structure (i.e., a
bumpier cloud) can also deviate quite strongly from 1-D
results.

To illustrate, Figure 4 shows reflectances generated
from overcast cloud fields constructed by inserting a flat
cloud layer of optical depth 7, = 5 beneath the f = 0.50
and f = 0.75 cloud fields used in Figure 3. These re-
sults are labeled < fsp > = 0.50, < 73p > = 15, and
< fsp > = 0.75, < T3p > = 11.6, respectively, where
< f3p > is the fraction of the domain containing bumpy
cloud of average optical depth < 73p >. Also plotted
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Figure 4. Reflectances generated from overcast cloud
fields constructed by inserting a flat cloud base of op-
tical depth 75 = 5 beneath the f = 0.50 and f = 0.75
cloud fields in Figure 3. Variable < fsp > is the frac-
tion of the domain containing bumpy cloud of average
optical depth < 73p >. Also plotted is a plane-parallel
calculation at an optical depth of 10 (Rp(7, = 10)).

is a case with < fsp > = 1.0, < 13p > = 10, and the
plane-parallel calculation at an optical depth of 10 (Rp
(7p = 10)). For the < fsp > = 0.50, < 73p > = 15
case (the bumpiest cloud field), a systematic increase
in reflectance with decreasing u, is obtained, while for
the < fsp > = 0.75, < 73p > = 11.6 case, the increase
is less severe and occurs only at very low Sun. Thus,
provided the cloud tops are sufficiently inhomogeneous,
significant differences between 3-D and 1-D results can
occur even for overcast clouds. This result is somewhat
surprising since many previous studies have shown that
differences between 3-D and 1-D cloud fluxes tend to de-
crease substantially as cloud fraction approaches unity
[Welch and Wielicki, 1984]. For remote sensing applica-
tions, which often rely on nadir measurements to infer
cloud properties, this has important ramifications since
it implies that the 1-D cloud optical depth bias with so-
lar zenith angle observed by Loeb and Davies [1996] for
the general cloud scene may also affect retrievals from
extensive overcast cloud fields.

3.1.1. Cloud side illumination. It haslong been
recognized that one of the main reasons for differences
between 3-D and 1-D cloud radiative properties at low
Sun elevations is side illumination [McKee and Coz,
1974; Davies, 1978]. As the Sun becomes more oblique,
a greater fraction of the incident solar radiation is in-
tercepted by the sides of 3-D clouds, resulting in more
upward scattering than from a cloud of infinite extent.
The degree to which side illumination occurs for an in-
dividual cloud depends on its shape and aspect ratio.

LOEB ET AL.: CLOUD HETEROGENEITY EFFECTS ON NADIR REFLECTANCE

For a cloud field the illumination enhancement also de-
pends on the cloud fraction and the distribution of the
cloud elements within the scene [Welch and Wielicki,
1984; Kobayashi, 1988]. Past studies have focused on
simple parameterizations of reflected flux in terms of
an “effective cloud fraction,” defined as the equivalent
cloud fraction of a planiform field of clouds with the
same vertical optical depth required to give the same
flux as that from a finite cloud field [Weinman and
Harshvardhan, 1982; Harshvardhan and Thomas, 1984;
Welch and Wielicki, 1984; Kobayashi, 1988]. However,
these parameterizations are highly idealized due to the
simple cloud geometries employed and do not directly
apply to remote sensing problems since they consider
overall flux rather than radiances/reflectances in a par-
ticular direction.

To examine the influence of side illumination on nadir
reflectance at different y,, cloud fractions for stochastic
cloud fields were derived with respect to the solar di-
rection in separate, slightly modified Monte Carlo sim-
ulations [Vdrnai, 1996]. In these simulations, once a
photon hits a cloud, it is not allowed to continue its
path. The number of photons intercepted by cloud di-
vided by the number of incident photons gives the cloud
fraction, f*(uo), illuminated from the solar direction.
This definition of cloud fraction is equivalent to that
obtained by the product of cloud fraction at p, = 1
and the area enhancement ratio, defined as the ratio of
the cloud area at y, projected onto a horizontal surface
to the cloud area at p, = 1 [Welch and Wielicki, 1984].
Figure 5 shows f*(u,) as a function of p, for the cloud
field in Figure 1. (f = 0.5), as well as for f = 0.25 and
f =0.75. Comparing these with the nadir reflectances
in Figure 3, there does indeed appear to be a strong link
between the corresponding curves: the f*(u,) curves
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Figure 5. Cloud fraction as viewed from the solar di-
rection, f*(i,), for cloud fields with nadir cloud fraction
f =025 f=0.50, and f — 0.75.
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show a dependence on p, which is quite similar to that
of nadir reflectance.

If enhanced cloud illumination is the only factor re-
sponsible for the increase in nadir reflectance with de-
creasing U,, we might expect agreement between 3-D
and plane-parallel results when the enhancement effect
is included in the plane-parallel calculations. As a test,
the plane-parallel calculations were modified by scal-
ing the reflectance at a given 7, by f*(u,) instead of
f- Figure 6 shows reflectances for the 3-D cloud field
of Figure 1, together with a plane-parallel calculation
which assumes f = 0.5 at all y,, and a case which uses
f*(po)- While this new approach increases reflectances
at small p,, they are still lower than those for the 3-D
case by as much as a factor of 2. Similar results were
obtained in comparisons at f = 0.25 and f = 0.75 (not
shown). Thus, while side illumination explains part of
the discrepancy between 3-D and 1-D reflectances at
small p,, it does not account for all of it.

3.1.2. Cloud top structure. The above results
are not unexpected since, as was shown in Figure 4,
significant differences between 1-D and 3-D reflectances
can occur even for overcast clouds, where no enhance-
ment in cloud fraction occurs (f*(u,) = 1 at all y,).
Instead, differences in Figure 4 appeared to be most
sensitive to the cloud top structure. From a modeling
viewpoint, cloud top structure is an extremely difficult
feature to describe since it is highly variable from cloud
to cloud (and even within one cloud for that matter).
Further, it is not clear what properties of cloud top
structure are important.

One property which may prove to be important is
the slope of illuminated cloud top surfaces. Since the
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Figure 6. Comparison between the same curves

plotted in Figure 2 with a plane-parallel result
which accounts for the change in cloud fraction with

po(f* (ko) Rp(1p = 7.1)).
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angle of incidence of incoming solar radiation relative
to a sloped surface is different from that for a flat sur-
face, this can substantially alter the radiation reflected
upward. However, since real clouds are highly irregular
in shape, many different cloud slopes are presented to
the solar beam, making it difficult to study this effect
directly.

To simplify the problem, it is useful to consider simple
cloud geometries. Here separate simulations for cloud
fields consisting of isolated cones are performed. The
cloud fields are defined so as to ensure a constant cloud
fraction of f = 0.21 and an average cloud optical depth
of < 7. > = 10, so that the domain optical depth is held
fixed at 74 = 2.1. By varying the horizontal domain
size (by modifying the grid point resolution ), while
keeping the vertical size and cloud fraction constant,
simulations are performed for different aspect ratios a.
For a cone, a is related to the slope () of the surface
through v = tan~1(2c), so that increasing o increases
the slope 7.

To separate the influence of the slope of a surface
on nadir reflectance from the enhancement associated
with side illumination, we consider how the ratio
R3p/(f*(uo)Rp) changes with & and compare this with
results for Rsp/(fRp)- In the first ratio, side illumina-
tion is accounted for explicitly, while the latter accounts
for neither effect. Figure 7a shows Rsp/(f*(1o)Rp) as
a function of p, for cones with a = 0.05, 0.1, 0.2, and
0.5, while Figure 7b shows the same but for R3p/(fRp).
Here ratios are normalized to unity at p, = 0.95. When
side illumination is accounted for (Figure 7a), the in-
crease in the ratio becomes more pronounced with de-
creasing p, as the slope of the surface gets larger (or
as a increases). In fact, the larger the slope of the sur-
face, the sooner this increase occurs. For example, for
a = 0.05, the ratio increases only when u, < 0.25,
whereas for &« = 0.5, it increases when u, < 0.55.
‘When both side illumination and slope are involved
(Figure 7b), ratios are enhanced by an additional factor
of ~ 2 for a > 0.2, and much less at smaller a. Thus for
highly sloped surfaces the two effects contribute roughly
equally to the increase in nadir reflectance with decreas-
ing o '

‘While a rigorous correction for the slope effect in re-
alistic cloud fields is beyond the scope of this study, an
experiment was nonetheless performed to explore one
possible approach for the simple cloud geometries as a
starting point. Consider a sloped surface inclined at
an angle « relative to the horizontal plane, with so-
lar illumination at 6,(= cos™! y,) and an observer at
nadir, as illustrated in Figure 8. Relative to the sloped
surface facing the Sun, the angle of incidence becomes
0! = 6, —, while the observer view angle is §' = v, and
the relative azimuth about the normal to the surface (2')
is given by the angle ¢’. If we now assume that a surface
such as a cone can be approximated by a plane inclined
at an angle equal to the slope of the cone, the plane-
parallel model can then be used to generate reflectances
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Figure 7. (a) Rsp/(f*(o)Rp) and (b) Rsp/(fRp)
versus U, for isolated cones with a = 0.05, 0.1, 0.2, and
0.5.

at 8/, 60', and ¢’ , and if the enhancement due to side illu-
mination of the cone is taken into account, these can be
compared with the cone reflectances. As a further sim-
plification, since a cone is azimuthally symmetric and
its slope does not vary over its surface, reflectances from
the plane surface can be averaged over ¢’ in the forward
scattering direction (0° < ¢' < 90°; 270° < ¢/ < 360°)
for 8, — v > 0°, and over the backscattering direction
(90° < ¢' < 180°) for 6, — 7y < 0°.

Figures 9a-d compare reflectances from an isolated
cone (R3p) at a = 0.05 (y =5.7°), a = 0.1 (y = 11.3°),
a =02 (y =218), and & = 0.5 (y = 45°), e
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satellite
z

sloped surface

l i ) y?/i'y |
‘ horizontal plane

Figure 8. Schematic illustrating incident and observer
angles relative to a sloped surface inclined at an angle
~ relative to the horizontal plane.

spectively, with plane-parallel calculations (at 7, = 10)
which do not account for the slope effect (0.21 Rp and
f*(t0)Rp), and an approximation that takes both slope
and enhancement due to cloud side illumination into
account (f*(uo)Rp). While the sloped plane approx-
imation is not perfect, it appears to at least capture
the main dependence of 3-D reflectance on solar zenith
anglej For example, as o gets larger, both R3p and
f*(#o)Rp show a progressively stronger increase with
decreasing po. For a < 0.5 (Figures 9a through 9c), the
largest discrepancies now appear at large p,, and dif-.
ferences decrease as the Sun tends toward the horizon.
This is a substantial improvement over the f*(u,)Rp
case which does not account for the slope effect. Large
differences at Sun angles close to zenith are expected
since diffusive leakage through the cloud sides is not ac-
count d for. At o = 0.5, differences between 3-D cloud
reflectances and those for the f*(u,)Rp case at small
o are likely caused by diffusive leakage through the
antisolar side of the 3-D clouds due to a shorter hori-
zontal path length through these clouds. If this did not
occur, R3p would likely increase with decreasing i, in
a manner similar to that for the f*(uo)Rp case.

‘While this approach works reasonably well for simple
cloud geometries, clearly a much more rigorous analysis
is required to establish its validity for real cloud fields.
In that case the slope and orientation of the cloud top
surfaces would be required. Also, the effect of side illu-
mination would have to be included, as would the influ-
ence of side leakage through the cloud sides (especially
at large p1,). While this would be difficult to do using
actual satellite observations, it may be feasible through
parameterizations based on Monte Carlo simulations of
stochastic 3-D cloud fields.

3.2. Internal Inhomogeneities: Volume
Extinction Coeflicient Variations

In the previous section it was assumed that the vol-
ume extinction coefficient (0) is constant through-
out the cloud field. However, ground, aircraft, and
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Figure 9. Isolated cone reflectances (R3p) together with various plane-parallel calculations for

a) a = 0.05 (y = 5.7°), (b) = 0.1 (y = 11.3°), (c) @ = 0.2 (y = 21.8°), and (d) a = 0.5
7 = 45°). R,, is obtained using incident and observer angles relative to the sloped surface.

satellite measurements [e.g., Ackerman, 1967; Caha-
lan and Snider, 1989; Wielicki and Welch, 1986] have
shown that real clouds exhibit marked internal inho-
mogeneities associated with spatial variations in liquid
water content (and therefore 3.). Previous studies have
shown that these variations can cause a “channeling” ef-
fect [Cannon, 1970; Cahalan, 1989; Dawvis et al., 1990],
whereby downwelling radiation from denser portions of
the cloud may get preferentially “channeled” into less
dense regions, thus reducing cloud albedo relative to
internally homogeneous clouds. To test whether or not

these variations affect the u, dependence of cloud re-
flectance, simulations were performed using a cloud field
which not only possesses cloud top height variations (as
in the previous section), but which also possesses 3-D
spatial variations in 3, within the cloud elements. The
distribution of 3. is obtained by extending the stochas-
tic, scaling variations to 3-D [Vdrnai, 1996]. In this
case the scaling is (Si) ~ k=33 for all k. The distribu-
tion of f. is constrained to give a domain average of 30
km~1 with 90% of the cloud volume containing cloud
droplets.
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Figure 10 compares results for a cloud field consisting
of cloud top height variations with a constant (. field
(Rsp (CVECQ)), together with a case which has both
cloud top height variations and internal inhomogeneities
(Rsp (VVEC)). Also shown is a plane-parallel calcula-
tion with 8. = 30 km™! (0.5 Rp (7, = 10; CVEC)), and
a case with a constant cloud top height (flat cloud top)
and a variable g, field (0.5 Rp(T, = 10; VVEC)). For
the cloud fields with variable cloud top heights (R3p),
the increase in reflectance with decreasing p, occurs re-
gardless of whether or not internal inhomogeneities are
considered. The largest influence of internal inhomo-
geneities occurs at g, > 0.5. Thus Figure 10 shows
that while internal inhomogeneities do cause a slight
change in the magnitude of reflectances at high solar
elevations, they do not have much effect on the relative
lo dependence. Rather, external inhomogeneities play
a far greater role in explaining the observed increase in
reflectance with decreasing i, given by Loeb and Davies
[1996].

4. Summary and Conclusions

The purpose of this study was to examine the role of
3-D cloud effects in explaining the results of Loeb and
Davies [1996]. In that study, observed reflectances av-
eraged over 1 year were shown to increase with solar
zenith angle, while 1-D reflectances showed the oppo-
site behavior. Consequently, a systematic bias in 1-
D-derived cloud optical depth with solar zenith angle
was observed. Based on Monte Carlo simulations in-
volving both stochastic, isotropic, scale-invariant cloud
fields and simple cloud geometries, we conclude that
3-D cloud effects associated with cloud sides and cloud
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Figure 10. Nadir reflectance versus p, for cloud fields
with cloud top height variations with a constant volume
extinction coefficient (R3p (CVEC)), a variable volume
extinction coefficient (R3p (VVEC)), and plane-parallel
model calculations with CVEC and VVEC.
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top structure are responsible for this discrepancy. When
these effects are present, nadir reflectances increase with
solar zenith angle in a manner similar to the observa-
tions. While this increase is generally most pronounced
for vertically extensive broken cloud fields, it can also
occur even for overcast clouds with sufficiently inhomo-
geneous cloud tops (i.e., bumpy tops). This suggests
that the solar zenith angle bias in 1-D-derived cloud
optical depth retrievals observed for the general cloud
scene is likely also present in retrievals from well-defined
extensive overcast cloud fields.

The influence of side illumination on nadir reflectance
was shown to depend on cloud fraction, cloud aspect
ratio, and the distribution of cloud elements within the
scene. It is most pronounced for vertically extensive
clouds of high aspect ratio. Cloud top structure was
also shown to substantially alter the reflected radiation
upward at nadir. In calculations involving simple cloud
geometries whose surfaces were sloped at different an-
gles relative to the incident solar beam, the increase in
nadir reflectance with solar zenith angle was found to
be steeper for highly sloped surfaces and occurred at
higher solar elevations. These simulations also showed
that cloudside illumination and cloud slope contribute
nearly equally to the increase in nadir reflectance with
solar zenith angle. When reflectances from isolated
cones were compared with calculations derived using
a simple sloped plane approximation, determined by
substituting input incident and observer zenith angles
in the 1-D calculations with those relative to a sloped
plane and accounting for side illumination, a substan-
tial improvement in the overall nadir reflectance depen-
dence on solar zenith angle was obtained at low solar
elevations. The approximation did not remove differ-
ences at high Sun caused by diffusive leakage through
the cloud sides.

To examine the influence of internal inhomogeneities,
associated with small-scale liquid water content varia-
tions within clouds, Monte Carlo simulations for cloud
fields containing both cloud top height and volume
extinction coefficient variations were also considered.
Overall, nadir reflectances showed a much smaller sensi-
tivity to internal inhomogeneities than to external inho-
mogeneities. The largest influence of internal inhomo-
geneities occurred at high solar elevations, where nadir
reflectances were shown to decrease slightly. At low
Sun, where the discrepancy between 1-D theory and
observations is largest, internal inhomogeneities had a
negligible effect.

We conclude from this study, and from the obser-
vational study of Loeb and Davies [1996], that 3-D ef-
fects have an important influence on remote sensing ap-
plications involving cloud property retrievals. Clearly,
instantaneous errors due to the neglect of 3-D effects
for individual cloud scenes do not always simply cancel
after averaging over a large number of cases. Further
research based on high-resolution narrowband measure-
ments is required in order to quantify 1-D model biases
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for both the general scene and for specific scene types
(e.g., overcast cloud scenes).
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